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degree of radial expansion; fabricating a stent from the 
expanded polymeric tube; and crimping the stent onto a cath 
eter assembly, Wherein the temperature of the stent during 
crimping is an optimal crimping temperature, Wherein the 
optimal degree of radial expansion and the optimal crimping 
temperature correspond to an optimal fracture toughness 
exhibited by the crimped stent upon its deployment as a 
function of degree of radial expansion and crimping tempera 
ture. 
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OPTIMIZING FRACTURE TOUGHNESS OF 
POLYMERIC STENT 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to a degradable polymeric implant 

able medical device. Speci?cally, this invention relates to a 
method of fabricating a stent. 

2. Description of the State of the Art 
This invention relates generally to implantable medical 

devices having a range of mechanical and therapeutic require 
ments during use. In particular, the invention relates to radi 
ally expandable endoprostheses that are adapted to be 
implanted in a bodily lumen. An “endoprosthesis” corre 
sponds to an arti?cial device that is placed inside the body. A 
“lumen” refers to a cavity of a tubular organ such as a blood 
vessel. A stent is an example of such an endoprosthesis. Stents 
are generally cylindrically shaped devices Which function to 
hold open and sometimes expand a segment of a blood vessel 
or other anatomical lumen such as urinary tracts and bile 
ducts. Stents are often used in the treatment of atherosclerotic 
stenosis in blood vessels. “Stenosis” refers to a narroWing or 
constriction of the diameter of a bodily passage or ori?ce. In 
such treatments, stents reinforce body vessels and prevent 
restenosis folloWing angioplasty. “Restenosis” refers to the 
reoccurrence of stenosis in a blood vessel or heart valve after 
it has been subjected to angioplasty or valvuloplasty. 

The treatment of a diseased site or lesion With a stent 
involves both delivery and deployment of the stent. “Deliv 
ery” refers to introducing and transporting the stent through a 
bodily lumen to the treatment site in a vessel. “Deploymen ” 
corresponds to the expanding of the stent Within the lumen at 
the treatment site. Delivery and deployment of a stent are 
accomplished by positioning the stent at one end of a catheter, 
inserting the end of the catheter through the skin into a bodily 
lumen, advancing the catheter in the bodily lumen to a desired 
treatment location, expanding the stent at the treatment loca 
tion, and removing the catheter from the lumen. 

In the case of a balloon expandable stent, the stent is 
mounted about a balloon disposed on the catheter. Mounting 
the stent typically involves compressing or crimping the stent 
onto the balloon. The stent is then expanded by in?ating the 
balloon. The balloon may then be de?ated and the catheter 
WithdraWn. In the case of a self-expanding stent, the stent may 
be secured to the catheter via a retractable sheath or a sock. 
When the stent is in a desired bodily location, the sheath may 
be, WithdraWn alloWing the stent to self-expand. 

In many treatment applications, the presence of a stent in a 
body may be necessary for a limited period of time until its 
intended function of, for example, maintaining vascular 
patency and/or drug delivery is accomplished. Thus, stents 
are often fabricated from biodegradable, bioabsorbable, and/ 
orbioerodable materials such that they completely erode only 
after the clinical need for them has ended. 
A stent is typically composed of scaffolding that includes a 

pattern or netWork of interconnecting structural elements or 
struts. The scaffolding is designed to alloW the stent to be 
radially expandable. The pattern is generally designed to 
maintain the longitudinal ?exibility and radial rigidity 
required of the stent. Longitudinal ?exibility facilitates deliv 
ery of the stent and radial rigidity is needed to hold open a 
bodily lumen. A medicated stent may be fabricated by coating 
the surface of either a metallic or polymeric scaffolding With 
a polymeric carrier that includes a bioactive agent. The poly 
meric scaffolding may also serve as a carrier of a bioactive 
agent. 
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2 
A stent must be able to satisfy several mechanical require 

ments. First, the stent must be capable of Withstanding the 
structural loads, namely radial compressive forces, imposed 
on the stent as it supports the Walls of a vessel lumen. This 
requires a su?icient degree of strength and rigidity or stiff 
ness. In addition to having adequate radial strength, the stent 
should be longitudinally ?exible to alloW it to be maneuvered 
through a tortuous vascular path and to enable it to conform to 
a deployment site that may not be linear or may be subject to 
?exure. The material from Which the stent is constructed must 
alloW the stent to undergo expansion Which typically requires 
substantial deformation of portions of the stent. Once 
expanded, the stent must maintain its siZe and shape through 
out its service life despite the various forces that may come to 
bear thereon, including the cyclic loading induced by the 
beating heart. Therefore, a stent must be capable of exhibiting 
relatively high toughness Which corresponds to high strength 
and rigidity, as Well as ?exibility. 

Unfortunately, many polymers used for stent scaffoldings 
and coatings are relatively brittle under physiological condi 
tions, e.g., at body temperature. Many polymers remain rela 
tively brittle, and hence susceptible to mechanical instability 
such as fracturing While in the body. 

SUMMARY 

Disclosed herein is a method of fabricating a stent assem 
bly comprising radially expanding a polymeric tube to an 
optimal degree of radial expansion; fabricating a stent from 
the expanded polymeric tube; and crimping the stent onto a 
catheter assembly, Wherein the temperature of the stent dur 
ing crimping is an optimal crimping temperature, Wherein the 
optimal degree of radial expansion and the optimal crimping 
temperature correspond to an optimal fracture toughness 
exhibited by the crimped stent upon its deployment as a 
function of degree of radial expansion and crimping tempera 
ture. 

Also disclosed herein is a stent assembly comprising: a 
radially expandable polymeric stent crimped onto a catheter 
assembly, the stent being fabricated from a radially expanded 
polymeric tube having an optimal degree of radial expansion, 
the stent being crimped at an optimal crimping temperature, 
Wherein the optimal degree of radial expansion and the opti 
mal crimping temperature correspond to an optimal fracture 
toughness exhibited by the crimped stent upon its deployment 
as a function of the degree of radial expansion and crimping 
temperature. 

Also disclosed herein is a method of fabricating a stent 
assembly including a stent mounted on a catheter, compris 
ing: determining an optimal degree of radial expansion of a 
polymeric tube for use in fabricating a stent and an optimal 
crimping temperature corresponding to an optimal fracture 
toughness exhibited by the crimped stent upon its deployment 
as a function of degree of radial expansion and crimping 
temperature, Wherein the optimal fracture toughness is deter 
mined by a maximum fracture toughness observed upon 
deployment of a plurality of stents as a function of degree of 
radial expansion and crimping temperature, the plurality of 
stents fabricated from a plurality of polymeric tubes, the 
plurality of polymeric tubes having tWo or more different 
degrees of radial expansion, the plurality of fabricated stents 
being crimped at tWo or more different temperatures. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 depicts a stent made up of struts. 
FIG. 2 is a polymeric tube for use in fabricating a stent. 
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FIG. 3 depicts a chart of the average number of fractures 
per stent caused by over-expansion of the stents beyond the 
maximum design diameter. 

DETAILED DESCRIPTION 

Various embodiments of the present invention relate to 
implantable medical devices con?gured to have particular 
mechanical properties such as strength and ?exibility. The 
device as a Whole may have desirable properties by control 
ling the degree of radial expansion and crimping temperature. 
Therefore, desirable mechanical and/ or degradation proper 
ties in an implantable medical device may be obtained by 
controlling the degree of radial expansion and crimping tem 
perature during fabrication of the stent. 

“Stress” refers to force per unit area, as in the force acting 
through a small area Within a plane. Stress can be divided into 
components, normal and parallel to the plane, called normal 
stress and shear stress, respectively. Tensile stress, for 
example, is a normal component of stress applied that leads to 
expansion (increase in length). Compressive stress is a nor 
mal component of stress applied to materials resulting in their 
compaction (decrease in length). 

“Toughness” is the amount of energy absorbed prior to 
fracture, or equivalently, the amount of Work required to 
fracture a material. One measure of toughness is the area 
under a stress-strain curve from Zero strain to the strain at 
fracture. The units of toughness are energy per unit volume of 
material. See, e.g., L. H. Van Vlack, “Elements of Materials 
Science and Engineering,” pp. 270-271, Addison-Wesley 
(Reading, Pa., 1989). 
A brittle material is a relatively stiff or rigid material that 

exhibits little or no plastic deformation. As stress is applied to 
a brittle material, it tends to fracture at a stress approximately 
equal to its ultimate strength, undergoing little or no plastic 
deformation in the process. A polymer beloW its Tg tends to be 
brittle. In contrast, a ductile material under an applied stress 
exhibits both elastic and plastic deformation prior to fracture. 
Above its Tg, a polymer is ductile. 
A fracture may be categorized as either ductile or brittle. A 

relatively loW amount of energy is required to fracture brittle 
materials. Conversely, ductile materials can absorb a rela 
tively high amount of energy prior to fracture. Therefore, 
ductile materials tend to exhibit a higher toughness than 
brittle materials. Toughness is a desirable characteristic in 
implantable medical devices. 
Many biodegradable polymers suitable for use as a stent 

scaffolding and/or a coating are relatively brittle under physi 
ological conditions. This is particularly true for biodegrad 
able polymers With a T8 above a body temperature, such as 
poly (L-lactide). Therefore, for such polymers that are brittle 
under physiological conditions, the fracture toughness is 
loWer than desirable in implantable medical devices. Various 
embodiments of the present invention relate to increasing the 
fracture toughness of a polymer for use in an implantable 
medical device. 
As mentioned above, a polymeric stent must be able to 

satisfy a number of mechanical requirements. First, the stent 
must Withstand structural loads, namely radial compressive 
forces, imposed on the stent as it supports the Walls of a 
vessel. Therefore, a stent must possess adequate radial 
strength. Radial strength, Which is the ability of a stent to 
resist radial compressive forces, is due to strength and rigidity 
around a circumferential direction of the stent. Radial 
strength and rigidity, therefore, may also be described as, 
hoop or circumferential strength and rigidity. 
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Once expanded, the stent must adequately maintain its siZe 

and shape throughout its service life despite the various forces 
that may come to bear on it, including the cyclic loading 
induced by the beating heart. In addition, the stent must 
possess su?icient ?exibility to alloW for crimping, expansion, 
and cyclic loading. Longitudinal ?exibility is important to 
alloW the stent to be maneuvered through a tortuous vascular 
path and to enable it to conform to a deployment site that may 
not be linear or may be subject to ?exure. 
Some embodiments of manufacturing a stent include fab 

ricating the stent from a polymer conduit or tube. The tube 
may be cylindrical or substantially cylindrical in shape. For 
example, FIG. 1 depicts a tube 100. Tube 100 is a cylinder 
With an outside diameter 1 1 0 and an inside diameter 120. FIG. 
1 also depicts an outside surface 130 and a cylindrical axis 
140 of tube 100. When referred to beloW, unless otherWise 
speci?ed, the “diameter” of the tube refers to the outside 
diameter of tube 100. 
A stent can be fabricated from a tube by laser cutting a 

pattern on the tube. Representative examples of lasers that 
may be used include laser types such as excimer, carbon 
dioxide, andYAG. Chemical etching may also be used to form 
a pattern on the elongated tube. FIG. 2 depicts a three-dimen 
sional vieW of a stent 200 Which may be formed from tube 100 
in FIG. 1. As depicted in FIG. 2, the structure of a stent is 
typically composed of a scaffolding that includes a pattern or 
network of interconnecting structural elements often referred 
to in the art as struts 210 or bar arms. The pattern is not limited 
to the depicted stent pattern. The scaffolding is designed so 
that the stent can be radially compressed (to alloW crimping) 
and radially expanded (to alloW deployment). A conventional 
stent is alloWed to expand and contract through movement of 
individual structural elements of a pattern With respect to each 
other. 
The struts or bar arms of polymeric stents are susceptible to 

cracking during crimping and deployment due to inadequate 
toughness of the polymer. The localiZed portions of the stent 
pattern subjected to substantial deformation tend to be the 
most vulnerable to failure. 

Disclosed herein are embodiments of a method for fabri 
cating a stent that has increased fracture toughness. The 
mechanical properties of the polymeric tube used to make the 
stent are modi?ed by the radial expansion of the tube. Stress 
is applied to the polymer during radial expansion that induces 
molecular orientation along the direction of stress. Mechani 
cal properties along the direction of applied stress are modi 
?ed. For example, strength, modulus, and toughness are some 
of the important properties that can be modi?ed by radial 
expansion since these properties depend upon orientation of 
polymer chains in a polymer. Molecular orientation refers to 
the relative orientation of polymer chains along a longitudinal 
or covalent axis of the polymer chains. 
Due to the magnitude and directions of stresses imposed on 

a stent during use, it is important for the mechanical stability 
of the stent to have suitable mechanical properties, such as 
strength and modulus, in the axial and circumferential direc 
tions. Therefore, by modifying the mechanical properties of a 
tube to be used in the fabrication of a stent, orientation is 
induced from applied stress in the axial direction, circumfer 
ential direction, or both. Thus, a modi?ed tube can have a 
desired degree of orientation in both directions, Which is 
knoWn as biaxial orientation. 

Polymer tubes formed by extrusion methods tend to pos 
sess a signi?cant degree of axial polymer chain alignment. 
HoWever, such conventionally extruded tubes tend to possess 
no or substantially no polymer chain alignment in the circum 
ferential direction. A tube made from injection molding has a 



US 8,099,849 B2 
5 

relatively loW degree of polymer chain alignment in both the 
axial and circumferential directions. 

Since highly oriented regions in polymers tend to be asso 
ciated With higher strength and modulus, it may be desirable 
to incorporate processes that induce alignment of polymer 
chains along one or more preferred axes or directions into 
fabricating of stents. Additionally, it is believed that the 
toughness of the polymer stent can also be increased through 
radial expansion. 

Therefore, it can be desirable to fabricate a stent from a 
polymeric tube not only With induced orientation in the axial 
direction, as shoWn by an arroW 135 in FIG. 1, but also in the 
circumferential direction as indicated by an arroW 150. In this 
Way, a biaxial oriented tube may be con?gured to have desired 
strength and modulus in both the axial direction as Well as the 
circumferential direction, as Well as increased toughness. 

The degree of radial expansion, and thus induced radial 
orientation and strength, of a tube can be quanti?ed by a radial 
expansion (RE) ratio: 

Outside Diameter of Expanded Tube/Original Inside 
Diameter of Tube 

The RE ratio can also be expressed as a percent expansion: 

% Radial expansion:(RE ratio- 1 )x l 00% 

In an exemplary embodiment, the stent can be fabricated 
from a tube consisting essentially of PLLA. In some embodi 
ments, a tube can be expanded to at least 100%, 300%, 500%, 
600%, 700%, or greater than 700%. 

In one embodiment, the tube may be radially expanded by 
bloW molding. In some embodiments, a polymer tube for 
fabrication of an implantable medical device may be radially 
expanded by increasing a pressure in a polymer tube, for 
example, by conveying a ?uid into the tube. The polymer tube 
may be deformed axially by applying a tensile force by a 
tension source at one end While holding the other end station 
ary. Alternatively, a tensile force may be applied at both ends 
of the tube. 

In some embodiments, bloW molding may include ?rst 
positioning a tube in an annular member or mold. The mold 
may act to control the degree of radial deformation of the tube 
by limiting the deformation of the outside diameter or surface 
of the tube to the inside diameter of the mold. The inside 
diameter of the mold may correspond to a diameter less than 
or equal to a desired diameter of the polymer tube. Alterna 
tively, the ?uid temperature and pressure may be used to 
control the degree of radial expansion by limiting deforma 
tion of the inside diameter of the tube as an alternative to or in 
combination With using the mold. 
As indicated above, the polymer tube may also be heated 

prior to, during, and subsequent to the deformation. In one 
embodiment, the tube may be heated by conveying a gas at a 
selected temperature on and/ or into the tube. The gas may be 
the same gas used to increase the pressure in the tube. In 
another embodiment, the tube may be heated by translating a 
heating element or noZZle adjacent to the tube. In other 
embodiments, the tube may be heated by the mold. The mold 
may be heated, for example, by heating elements on, in, 
and/ or adjacent to the mold. 

Certain embodiments may include ?rst sealing, blocking, 
or closing a polymer tube at a distal end. The end may be open 
in subsequent manufacturing steps. The ?uid, (convention 
ally an inert gas such as air, nitrogen, oxygen, argon, etc.) may 
then be conveyed into a proximal end of the polymer tube to 
increase the pressure in the tube. The pressure of the ?uid in 
the tube may act to radially expand the tube. 

Additionally, the pres sure inside the tube, the tension along 
the cylindrical axis of the tube, and the temperature of the tube 
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6 
may be maintained above ambient levels for a period of time 
to alloW the polymer tube to be heat set. 
Some embodiments provide for heating the tube prior to, 

during, and/or subsequent to radial expansion. Heating the 
tube may further induce polymer chain alignment With 
applied stress. The tube may be heated by any means knoWn 
to those skilled in the art, for example, by conveying a gas 
above ambient temperature on and/ or into the tube. Once the 
stent is radially expanded, a stent is fabricated from the poly 
meric tube. Prior to radial expansion, the stents may be ster 
iliZed. 
As indicated above, a stent is crimped onto a delivery 

device so that the stent can be deployed upon insertion at an 
implant site. The method also includes crimping the stent 
above ambient temperature. A stent is fabricated from the 
tube that has been radially expanded by laser cutting or 
chemically etching a pattern into the polymeric tube. 
The method also includes crimping the stent above ambient 

temperature. Crimping the stent at a temperature above ambi 
ent can increase the fracture toughness of the stent. As a 
result, fractures occurring at crimping or deployment can be 
reduced or prevented. The stent may be crimped onto a deliv 
ery device such as a catheter to form a stent assembly. As 
discussed above, the brittle nature of polymers and stress and 
strain on the polymer caused by laser cutting the polymer may 
result in cracking in a stent during the crimping process an 
upon deployment. It has been observed that heating the stent 
to an elevated temperature prior to or during crimping the 
stent causes the stent to experience less cracking, both When 
the stent is crimped and When the stent is expanded. Without 
being limited by theory, heating the stent prior to crimping 
increases polymer chain mobility and relaxes the chains into 
a loWer energy (less stressed) con?guration before crimping 
the stent. Thus, upon heating the stent prior to or during the 
crimping process, the stent releases concentrated stress in the 
stent to prevent strut cracking during crimping or during 
deployment When the stent is expanded. 
Any suitable device can be used to heat the stent, such as an 

oven, bloWing heated gas through the stent, etc. The poly 
meric stent may be heated for a suf?cient period of time of 
about 2 seconds to about 350 minutes. In some embodiments, 
the stent is heated for a su?icient time such that the material 
becomes ductile enough to adequately loWer polymer brittle 
ness. 

Generally, stent crimping involves af?xing the stent to the 
delivery catheter or delivery balloon such that it remains 
a?ixed to the catheter or balloon until the physician desires to 
deliver the stent at the treatment site. The stent canbe crimped 
by any suitable crimper. Crimpers for crimping medical 
devices are Well knoWn in the art. In one embodiment, the 
stent is crimped by a sliding Wedge crimper. The crimper may 
be used to crimp the polymer-coated stent onto a delivery 
device, such as the balloon portion of a catheter. For crimpers 
such as the sliding Wedge crimper, the temperature may be 
controlled by passage of a stream of dry air, or inert gas 
through the bore of the catheter. Each Wedge of the sliding 
Wedge crimper is heated to the desired temperature. In one 
embodiment, the stent is pre-heated to a temperature of about 
30° C., and the stent is crimped for about 35 seconds by 
reducing the diameter of the crimper to a diameter of stent of 
0.084 inches. In another embodiment, the stent is pre-heated 
to a temperature of about 30° C. to about 50° C. The stent is 
then crimped at a temperature of about 30° C. for 130 seconds 
by crimping the crimper to a diameter of 0.05 inches. In 
another embodiment, the stent is crimped at a temperature of 
about 30° C. to about 50° C. The sliding Wedge crimper may 
be heated to any desired elevated temperature. The Wedges 
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are then closed to the diameter of the un-crimped stent. In one 
embodiment, the sliding Wedge crimper is heated to a tem 
perature of about 30° C. to 50° C. upon crimping the stent. In 
another embodiment, the sliding Wedge crimper is heated to a 
temperature of about 30° C. upon crimping the stent. 
As mentioned above, the stent may be crimped onto a 

delivery device to form a stent assembly. The delivery device 
may be a balloon, or a balloon-catheter assembly. In one 
embodiment, delivery device is a balloon With a vacuum 
pump. 

In one embodiment, a method for fabricating a stent is 
disclosed for determining an optimal radial expansion and 
crimping temperature that corresponds to the least number of 
fractures in a stent that occur at crimping and deployment. 
Speci?cally, the method includes providing multiple lots of 
tWo or more polymeric tubes and radially expanding each lot. 
A lot can include, for example 10 tubes. Each lot is expanded 
to a different degree of expansion, Which can range betWeen, 
for example, 300% and 800%. In general, a method can 
include determining the optimal values of one or more fabri 
cation and/or delivery conditions for a polymer stent. 

Stents are then fabricated from each of the expanded tubes 
in the lots. Each lot is then separated into tWo or more groups. 
Each group is crimped at a different temperature, betWeen, for 
example 100 C. and 80° C. The crimped stent is then deployed 
to a selected diameter. The selected design diameter can cor 
respond to a maximum design diameter, i.e., an implantation 
diameter. Alternatively, the selected diameter can be greater 
than the maximum design diameter. An optimal degree of 
radial expansion and crimping temperature may be deter 
mined by observing the number of cracks in each of the stents. 
The optimal crimping temperature and degree of radial 
expansion can correspond to the least number of cracks. 

In one embodiment, the method of fabricating a stent 
includes providing multiple lots of tubes and varying at least 
tWo conditions during the fabrication of the stents from the 
tubes. Each stent is then deployed to a selected diameter to 
determine values of optimal fabrication conditions corre 
sponding to the least number of fractures caused by the 
deployment of the stents. 
As depicted by the chart in FIG. 3, optimal fracture tough 

ness may be determined by varying tWo fabrication condi 
tions in a test of multiple lots of polymeric tubes. FIG. 3 
depicts a chart of the average number of fractures per stent in 
each lot (indicated by the height of the columns) caused by 
over-expansion of the stents beyond their maximum design 
diameter. The graph shoWs the dependence of the average 
number of fractures per stent versus the degree of radial 
expansion of tubing verses the crimping temperature. In this 
particular embodiment, the maximum design diameter of the 
stents is at 3.25 mm. The stents Were over-expanded to a 
diameter of 4.0 mm. 
As depicted in FIG. 3, each lot of 10 polymeric tubes is 

radially expanded to varying degrees, fabricated into stents, 
and crimped at various temperatures. Optimal radial expan 
sion degree and optimal stent crimping temperature Was then 
determined by radially expanding the stents to 4.0 mm Which 
is beyond their maximum design diameter. The average num 
ber of fractures per stent caused by expanding the stents 
beyond their maximum design diameter Was then recorded, 
revealing the optimum degree of radial expansion and crimp 
ing temperature for the poly(L-lactide) stents. Using such 
methods, stents having higher fracture toughness may be 
fabricated. 

In one method, each lot of polymeric tubes of tWo or more 
samples may be processed With a different value of a selected 
fabrication condition. For example, if an optimal degree of 
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8 
radial expansion is being tested, each lot has a different 
degree of radial expansion. Each lot may then be divided into 
different groups and each group is processed With different 
crimping temperatures. In one embodiment, one lot, Where 
each lot includes 10 tubes, is radially expanded to 700%, 
600%, 500%, 400%, and 300%. The tubes are then fabricated 
into stents by cutting a stent pattern into each of the tubes. 
Each lot of stents is then crimped. For example, the lot of 
tubes that have been radially expanded to 700% is crimped at 
30° C., 50° C., 60° C., and 70° C. Tubes that Were radially 
expanded at 300%, 400%, 500%, and 600% are also crimped 
at such temperatures. 

In one embodiment, at least tWo lots are radially expanding 
to about 600%, at least tWo lots are radially expanded to about 
500%; and at least tWo lots are radially expanding to about 
400%. The tubes are then laser cut to fabricate a stent from 
each of the tubes. After forming a stent from each of the tubes, 
one lot of stents is crimped such that the temperature of the 
stent is about 30° C. When crimping. Another lot of stents is 
crimped such that the temperature of the stent is about 50° C. 
When crimping. The optimal radial-expansion and crimping 
temperature is then determined as above stents by radially 
expanding the stents. In one embodiment, the optimal radial 
expansion and crimping temperature is determined by over 
expanding the stents beyond their maximum design diameter. 
In this Way, the relationship betWeen a deformation and fab 
rication conditions such as crimping temperature is deter 
mined. A polymeric tube may be radially expanded by any 
method knoWn to those skilled in the art, such as bloW mold 
ing or by use of a cylindrical mold. 

Further processing steps in the fabrication of a stent may be 
included in the embodiments described herein. For example, 
a radially expanded polymeric tube may be heat set after 
deformation to alloW polymeric chains to rearrange upon 
deformation. “Heat setting” refers to alloWing polymer 
chains to equilibrate or rearrange to the induced oriented 
structure, caused by the deformation, at an elevated tempera 
ture. During this time period, the polymer in the deformed 
state may be maintained at an elevated temperature to alloW 
polymer chains to adopt the oriented structure. The polymer 
may be maintained in the deformed state by maintaining a 
radial pressure. The polymer tube may then be cooled to a 
certain temperature either before or after decreasing the pres 
sure. Cooling the tube helps insure that the tube maintains the 
proper shape, siZe, and length folloWing its formation. Upon 
cooling, the deformed tube retains the length and shape 
imposed by an inner surface of a mold used in the radial 
expansion. 
The method may further include axially extending the 

polymeric tube prior to or after radially expanding the tube. 
Other fabrication conditions that can be optimiZed to obtain 
desired mechanical behavior such as toughness of the stent, 
controlled to optimiZe the mechanical properties of the stent, 
such as the temperature at Which the tube is deformed, strain 
rate of the deformation (such as axial extension and radial 
expansion), and time of deformation. The temperature of the 
tube can be constant during the deformation or be a function 
of time during the deformation process. Deformation fabri 
cation conditions can also be varied to determine optimal 
toughness, such as conditions during heat setting of the tube 
such as the temperature history of the tube during heat setting. 
A stent fabricated from embodiments of the stent described 

herein can be medicated With an active agent. In some 
embodiments, a coating on the stent may include a drug that 
can Withstand a crimping temperature. A medicated stent may 
be fabricated by coating the surface of the polymeric scaf 
folding With a polymeric carrier that includes an active or 
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bioactive agent or drug. An active agent or drug can also be 
incorporated into the polymeric scaffolding made from the 
blend. 

Additionally, as indicated above, embodiments of the 
method described herein may be applied to balloon expand 
able stents, self-expanding stents, stent grafts, and stent 
grafts. The stent is used to open a lumen Within an organ in a 
mammal, maintain lumen patency, or reduce the likelihood of 
narroWing of a lumen. 
A stent may be con?gured to degrade after implantation by 

fabricating the stent either partially or completely from bio 
degradable polymers. Polymers can be biostable, bioabsorb 
able, biodegradable, or bioerodable. Biostable refers to poly 
mers that are not biodegradable. The terms biodegradable, 
bioabsorbable, and bioerodable, as Well as degraded, eroded, 
and absorbed, are used interchangeably and refer to polymers 
that are capable of being completely eroded or absorbed When 
exposed to bodily ?uids such as blood and may be gradually 
absorbed and eliminated by the body. Biodegradation refers 
generally to changes in physical and chemical properties that 
occur in a polymer upon exposure to bodily ?uids as in a 
vascular environment. The changes in properties may include 
a decrease in molecular Weight, deterioration of mechanical 
properties, and decrease in mass due to erosion or absorption. 
Mechanical properties may correspond to strength and modu 
lus of the polymer. Deterioration of the mechanical properties 
of the polymer decreases the ability of a stent, for example, to 
provide mechanical support in a vessel. 
As mentioned above, the stent may be made from a poly 

mer that is biostable, biodegradable, or a combination 
thereof. For example, the polymer may be selected from the 
group consisting essentially of poly(D,L-lactide); poly(L 
lactide); poly(L-lactide-co-glycolide); or poly (D,L-lactide 
co-glycolide). Other representative examples of polymers 
that may be used to fabricate a stent coating include, but are 
not limited to, poly(N-acetylglucosamine) (Chitin), Chito 
san, poly(hydroxyvalerate), poly(lactide-co-glycolide), poly 
(hydroxybutyrate), poly(hydroxybutyrate-co-valerate), poly 
orthoester, polyanhydride, poly(glycolic acid), poly 
(glycolide), poly(L-lactic acid), poly(L-lactide), poly(D,L 
lactic acid), poly(D,L-lactide), poly(caprolactone), poly(L 
lactide-co-e-caprolactone), poly(trimethylene carbonate), 
polyester amide, poly(glycolic acid-co-trimethylene carbon 
ate), co-poly(ether-esters) (e. g. PEO/PLA), polyphosp 
haZenes, biomolecules (such as ?brin, ?brinogen, cellulose, 
starch, collagen and hyaluronic acid), polyurethanes, sili 
cones, polyesters, polyole?ns, polyisobutylene and ethylene 
alphaole?n copolymers, acrylic polymers and copolymers 
other than polyacrylates, vinyl halide polymers and copoly 
mers (such as polyvinyl chloride), polyvinyl ethers (such as 
polyvinyl methyl ether), polyvinylidene halides (such as 
polyvinylidene chloride), polyacrylonitrile, polyvinyl 
ketones, polyvinyl aromatics (such as polystyrene), polyvinyl 
esters (such as polyvinyl acetate), acrylonitrile-styrene 
copolymers, ABS resins, polyamides (such as Nylon 66 and 
polycaprolactam), polycarbonates, polyoxymethylenes, 
polyimides, polyethers, polyurethanes, rayon, rayon-triac 
etate, cellulose, cellulose acetate, cellulose butyrate, cellu 
lose acetate butyrate, cellophane, cellulose nitrate, cellulose 
propionate, cellulose ethers, and carboxymethyl cellulose. 
Additional representative examples of polymers that may be 
especially Well suited for use in fabricating a stent according 
to the methods disclosed herein include ethylene vinyl alco 
hol copolymer (commonly knoWn by the generic name 
EVOH or by the trade name EVAL), poly(butyl methacry 
late), poly(vinylidene ?uoride-co-hexa?uororpropene) (e.g., 
SOLEF 21508, available from Solvay Solexis PVDF, Thoro 
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fare, N.J.), polyvinylidene ?uoride (otherWise knoWn as 
KYNAR, available fromATOFlNA Chemicals, Philadelphia, 
Pa.), ethylene-vinyl acetate copolymers, and polyethylene 
glycol. The stents may also be metallic; loW-ferromagnetic; 
non-ferromagnetic; biostable polymeric; biodegradable 
polymeric or biodegradable metallic. 

While particular embodiments of the present invention 
have been shoWn and described, it Will be obvious to those 
skilled in the art that changes and modi?cations can be made 
Without departing from this invention in its broader aspects. 
The invention claimed is: 
1. A method of fabricating a stent to have a reduced number 

of cracks When expanded from a crimped con?guration to an 
expanded con?guration, comprising: 

(a) selecting a degree of radial expansion from a plurality 
of radial expansion amounts ranging betWeen 100% and 
800% and selecting a crimping temperature from a plu 
rality of crimping temperatures ranging betWeen 10 
degrees and 80 degrees Celsius; 

(b) radially expanding a polymer tube by the selected 
degree of radial expansion; 

(c) forming the stent from the radially expanded tube; 
(d) crimping the stent at the selected crimping temperature; 
(e) balloon expanding the stent from its crimped con?gu 

ration to an expanded con?guration; and 
(f) repeating steps (b) through (e) for at least four different 

combinations of at least tWo different degrees of radial 
expansion and at least tWo different crimping tempera 
tures; and 

fabricating the stent using a combination of radial expan 
sion and crimping temperature, selected from among the 
at least four different combinations, that produced the 
feWest number of cracks in the expanded stent. 

2. The method according to claim 1, Wherein the polymeric 
tube comprises a biostable polymer, biodegradable polymer, 
or a combination thereof. 

3. The method according to claim 1, Wherein the polymeric 
tube consists essentially of poly(L-lactide). 

4. The method of claim 1, Wherein the stent is fabricated 
using a radial expansion betWeen about 400% to 600% and a 
crimping temperature betWeen about 30° C. to 50° C. 

5. The method of claim 1, Wherein step (f) is repeating steps 
(b) through (e) for at least tWenty ?ve different combinations 
of degrees of radial expansion and crimping temperatures. 

6. The method of claim 5, Wherein the selected radial 
expansion amounts are 700%, 600%, 500%, 400% and 300% 
and the selected crimping temperatures are 30° C., 50° C., 60° 
C. and 70° C. 

7. The method of claim 1, Wherein the selected radial 
expansion amounts are 400% and 500% and the selected 
crimping temperatures are 30° C. and 50° C. 

8. A method of fabricating a stent to have a reduced number 
of cracks When expanded from a crimped con?guration to an 
expanded con?guration, comprising: 

selecting a ?rst radial expansion amount and a second 
radial expansion amount, each radial expansion amount 
being betWeen 100% and 800%; 

selecting a ?rst crimping temperature and a second crimp 
ing temperature, each crimping temperature being 
betWeen 10 degrees and 80 degrees Celsius; 

forming, crimping and then expanding a ?rst and second 
plurality of stents, Wherein the ?rst plurality of stents is 
formed using the ?rst radial expansion amount and 
crimped using the ?rst crimping temperature and the 
second plurality of stents is formed using the ?rst radial 
expansion amount and crimped using the second crimp 
ing temperature; 
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forming, crimping and then expanding a third and fourth fabricating the stent using a combination of radial expan 
plurality of stents, Wherein the third plurality of stents is sion amount and crimping temperature based on the 
formed using the second radial expansion amount and number of cracks that appeared in each of the ?rst, 
crimped using the ?rst Crimping temperature and the second, third and fourth plurality of stents. 
fourth plurality of stents is formed using the second 5 
radial expansion amount and crimped using the second 
crimping temperature; and * * * * * 


